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[57] ABSTRACT 

A polarization-independent optical isolator having a struc 
ture in Which polarization dispersion is virtually eliminated 
by selecting the thickness and optical axis orientations of 
birefringent crystalline plates used in the isolator. The opti 
cal isolator of the present invention employs a combination 
of birefringent crystalline plates Wherein the optical axis 
orientation of at least one birefringent crystalline plate in the 
optical isolator is different from the optical axis orientation 
of the remaining birefringent crystalline plates, and the 
polarization mode dispersion, Which is induced When the 
beam propagates through the birefringent crystalline plate 
having a different optical axis orientation, is equal to the 
dispersion rate of the polarization mode dispersion attribut 
able to the remaining birefringent crystalline plates and in a 
mutually inverse direction. 

14 Claims, 5 Drawing Sheets 
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POLARIZATION INDEPENDENT OPTICAL 
ISOLATOR 

This application is a Continuation of Ser. No. 08/375, 
297, ?led Jan. 20, 1995, noW abandoned. 

TECHNICAL FIELD OF THE INVENTION 

The present invention generally relates to optical isolators 
that do not depend upon the optical direction of polariZation 
for optical ?ber communications, and more speci?cally 
relates to polariZation-independent optical isolators having a 
structure in Which polariZation dispersion is virtually elimi 
nated by selecting the thickness and optical axis orientations 
of bire?ingent crystalline plates used in the isolator. 

BACKGROUND OF THE INVENTION 

With recent progress in optical communications that use 
a semiconductor laser as the signal light source, the here 
tofore impossible practical application of high speed, high 
density optical signal transmission in excess of several 
hundred megahertZ has become a reality. Furthermore, 
oWing to recent extensive progress in light ampli?cation 
technology, an enormous increase in information transmis 
sion density has also become possible using optical ?bers 
Without optoelectric conversion. Consequently, demand has 
increased for both optical isolators for insertion betWeen 
optical ?bers, Which optical isolators do not depend on the 
optical direction of polariZation, and for technical advance 
ments related to induction methods of the excitation light 
used for light ampli?cation. Furthermore, there has been a 
demand to maintain economically loW pricing for these 
devices despite the technological advances embodied 
therein. In response to these demands, various proposals 
have been made and some have been put to practical use. 

FIG. 2 illustrates a conventional optical isolator in Which 
optical characteristics are not dependent upon the direction 
of optical polariZation, in Which the planes of the incident 
and transmission beams are parallel, and in Which optical 
coupling is relatively easy. This type of optical isolator in 
Which optical characteristics are not dependent upon the 
direction of optical polariZation is hereinafter referred to as 
a polariZation-independent optical isolator. In addition to the 
advantages noted above, this polariZation-independent opti 
cal isolator is also advantageous With respect to the number 
and type of components required to construct such an 
isolator. Speci?cally, only tWo different parts, namely bire 
fringent crystalline plates P21, P22 and P23, and a Faraday 
rotator F, and required to form the polariZation-independent 
optical isolator shoWn in FIG. 2. 

FIG. 2 also illustrates the polariZation dispersion that is 
associated With the optical isolator and the transmission state 
of light beams in the forWard direction. As noted above, the 
con?guration shoWs a structure using a Faraday rotator and 
three birefringent crystalline plates (see Japanese Published, 
Patent Application No. 51690/85, the contents of Which are 
incorporated herein by reference). HoWever, in the con?gu 
ration of FIG. 2, since the ordinary and extraordinary beams 
have different propagation paths, phase shifts occur betWeen 
the tWo beams. This phase shift results in a characteristic 
polariZation dispersion of the signal. It is generally desirable 
that this polariZation dispersion induced by the propagation 
of a beam through the optical isolator used betWeen optical 
?bers be controlled to 0.2 ps (pico-seconds) beloW the signal 
resolution. HoWever, in the case of the con?guration in FIG. 
2, there is a difference in the beam propagation velocity 
betWeen the ordinary and extraordinary beams, and there 
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2 
fore polariZation dispersion alWays occurs. This polariZation 
dispersion, When left uncorrected, is unacceptable in optical 
systems intended for high speed, high density optical com 
munications. 

Referring next to FIG. 3, a schematic block diagram of an 
optical isolator illustrating the use of birefringent crystalline 
plates for polariZation dispersion compensation in a conven 
tional single step con?guration is shoWn. Speci?cally, in 
order to solve the polariZation dispersion problems noted 
above With respect to the optical isolator shoWn in FIG. 2, 
FIG. 3 shoWs an example in Which birefringent crystal phase 
adjusting plates, formed so that the beams propagate at a 
right angle to the optical axis, are placed in the beam 
propagation paths (see Japanese patent application No. 
3365 63/ 92, the contents of Which are incorporated herein by 
reference). 
The above relationship is described in more detail using 

the con?guration shoWn in FIG. 2, Wherein the thickness of 
the ?rst birefringent crystalline plate P21 and second bire 
fringent crystalline plate P22 is d, and the thickness of the 
third birefringent crystalline plate P23 is “2d. As We trace 
the state of polariZation propagation Which occurs as a beam 
is propagated from the ?rst through the third birefringent 
crystalline plates, it can be seen that ?rst the beam entering 
at the ?rst birefringent crystalline plate P21 is separated into 
ordinary and extraordinary beams. Next, the beam is propa 
gated to the second birefringent crystalline plate P22. The 
optical axis of second birefringent crystalline plate P22 is 
oriented as a mirror image to ?rst birefringent crystalline 
plate P21 and is rotated 45° With respect to the beam 
propagation axis. Therefore, only the extraordinary beam 
shifts. 

Next, since the third birefringent crystalline plate P23 is 
orientated as a mirror image to second birefringent crystal 
line plate P22, the beam Which had been ordinary up to P22 
becomes an extraordinary beam, and the component of the 
phase delay of the ordinary and extraordinary beams, pro 
duced by ?rst birefringent crystalline plate P21 remains. 
Therefore, When a fourth birefringent crystalline plate P34 
(shoWn in FIG. 3) is inserted in order to compensate for the 
phase delay of ?rst birefringent crystalline plate P21, the 
ordinary and extraordinary beams cannot be separated. 
Consequently, no separation of ordinary and extraordinary 
beams can occur due to birefringence, and crystal orienta 
tions With different beam propagation speeds must be chosen 
for the ordinary and extraordinary beams. Consequently, as 
shoWn in FIG. 3 by fourth birefringent crystalline plate P34, 
When the direction of the optical axis is perpendicular to the 
beam propagation axis, all demands are satis?ed, Which 
results in parallel plates having crystalline cut surfaces in 
Which the planes of beam velocity of the ordinary and 
extraordinary beams assume an ellipsoid cross-section. 
On the other hand, FIG. 4 shoWs a schematic block 

diagram of an optical isolator illustrating a second conven 
tional con?guration Where polariZation dispersion charac 
teristics are compensated for in a tWo-step con?guration. 
Speci?cally, the con?guration of FIG. 4 results from match 
ing the beam path lengths of the ordinary and extraordinary 
beams using tWo 45° Faraday rotators and four birefringent 
crystalline plates (see J ananese Published, Unexamined 
Patent Application No. 51214/92, the contents of Which are 
incorporated herein by reference). This con?guration 
enables construction of polariZation-independent optical iso 
lators in Which the polariZation characteristic based on phase 
difference is sharply reduced to beloW 0.1 ps. 

In the con?guration shoWn in FIG. 4, the birefringent 
crystalline plates are adjusted and positioned such that the 
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crystalline orientation of the plates does not cause the 
ordinary and extraordinary beams to converge at the time of 
propagation to birefringent crystalline plate P41 and bire 
fringent crystalline plate P42 in the ?rst half, but does cause 
the ordinary and extraordinary beams to converge at the time 
of propagation to birefringent crystalline plate P43 and 
birefringent crystalline plate P44 in the latter half. As a 
consequence, the ordinary and extraordinary beams are 
recoupled after passing along the same optical path as shoWn 
in the diagram and the phase delay is ?nally cancelled and 
polariZation dispersion does not occur. 

HoWever, it is noted that the above examples shoWn in 
both FIG. 3 and FIG. 4 require four expensive birefringent 
crystalline plates, Which presents a problem With respect to 
product pricing, and moreover, the increased number of 
parts makes assembly of the optical components more 
cumbersome. Therefore, there is a need for a polariZation 
independent optical isolator that can reduce or eliminate the 
polariZation characteristic based on phase difference, While 
still being economical in cost. 

SUMMARY OF THE INVENTION 

The above problems are solved in the present invention, 
Which is directed to a novel construction for a polariZation 
independent optical isolator having ?ber terminals to facili 
tate insertion of the optical isolator betWeen optical ?bers 
and in Which the polariZation dispersion in the isolator 
described above is reduced or completely disappears. The 
present invention employs a combination of birefringent 
crystalline plates Where the angle formed by the normal 
direction and the optical axis of the birefringent crystalline 
plate for each plate are different. Therefore, a beam entering 
from the forWard direction betWeen a pair of optical ?bers 
can be propagated to the opposing optical ?bers Without 
causing a phase delay associated With polariZation. This is 
achieved in the present invention by using the optical path 
difference and index of refraction difference betWeen the 
ordinary and extraordinary beams Without disturbing the 
polariZation separation caused by the birefringent crystalline 
plates and recoupling positions. 

Furthermore, in polariZation dispersion-controlled polar 
iZation independent optical isolators, increasing the number 
of components had previously been used to reduce or 
eliminate polariZation dispersion. The present invention, 
hoWever, provides an optical isolator con?guration in Which 
polariZation dispersion is virtually eliminated by selecting 
the thickness and optical axis orientations of the existing 
birefringent crystalline plates. Thus simplicity of parts, ease 
of assembly, and cost reduction for the optical isolator 
having a small polariZation dispersion are realiZed. 
Furthermore, the present invention results in an increase in 
the reliability of propagation signals in a high speed, high 
density optical communications system to Which optical 
ampli?cation is introduced. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIGS. 1a and 1b shoW a schematic block diagram illus 
trating one embodiment of an optical isolator according to 
the present invention. 

FIG. 2 shoWs a schematic block diagram illustrating the 
polariZation dispersion of a conventional polariZation 
independent optical isolator. 

FIG. 3 shoWs a schematic block diagram illustrating the 
use of birefringent crystalline plates for polariZation disper 
sion compensation in a conventional single step con?gura 
tion. 
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4 
FIG. 4 shoWs a schematic block diagram illustrating a 

conventional con?guration Where polariZation dispersion 
characteristics are considered in a tWo-step con?guration. 

FIG. 5 shoWs a diagram illustrating the optical paths of a 
birefringent crystalline plate in accordance With the present 
invention. 

FIG. 6 shoWs a graph illustrating calculated values shoW 
ing polariZation dispersion compensation points. 

FIGS. 7a and 7b shoW another schematic block diagram 
illustrating another embodiment of an optical isolator 
according to the present invention. 

DETAILED DESCRIPTION OF THE 
PREFERRED EMBODIMENT 

To best understand the detailed description of the pre 
ferred embodiment, it is necessary to understand the under 
lying principles of polariZation dispersion in optical isolators 
and more particularly the operation of the conventional 
components, such as birefringent crystalline plates, used in 
optical isolators. Therefore, a general description of these 
concepts is set forth beloW. 

The phase shift based on the index of refraction difference 
of ordinary and extraordinary beams of birefringent crystal 
line plates is generally expressed by Equations 1 and 2 
shoWn beloW, Wherein u) is the angular velocity of the 
beams, and tei and to are the propagation time of the 
extraordinary beam and the ordinary beam, respectively. 

When his the beam Wave length, the phase delay '5 is 
expressed by Equation 2 using the relationship shoWn in 
Equation 1. In Equation 2, n?- and no are the indices of 
refraction for the extraordinary and ordinary beams and the 
relationship Was derived by assigning d for crystal thickness, 
c for optical velocity, and has the optical Wavelength. 

In Equation 2, n?- is dependent on the angle 6 formed by 
the normal direction of the birefringent crystalline plate and 
the optical axis of the crystal. When the index of refraction 
of the extraordinary ray is ne, n?- is derived from the 
relationship shoWn by Equation 3 beloW, Which holds With 
respect to optional angle 6 formed by the direction normal 
to the birefringent crystalline plate and the optical axis of the 
crystal. 

ne _ no 

\' nozsinze + nezcosze 

The index of refraction, nei of the extraordinary beam 
corresponding to the orientation, and the phase delay, 6, are 
related as shoWn beloW by Equation 4. 

(3) 
nei = 

Referring to FIG. 1, a schematic block diagram illustrat 
ing one embodiment of an optical isolator according to the 
present invention is shoWn. When the direction of beam 
propagation (direction normal to the birefringent crystalline 
plate) is along the Z axis, the direction from top to bottom of 
the plane of the paper is the y axis, and the direction 
perpendicular to the plane of paper is the x axis. Thus, the 
propagation conditions are: the optical axis is parallel to the 
yZ plane and the incident beam is also parallel to the yZ plane 
and perpendicular to the xy plane. 
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Referring next to FIG. 5, ordinary and extraordinary beam 
separation Width, s, during propagation through a birefrin 
gent crystalline plate of thickness d, and the angle, 6 max, to 
yield a maximum beam separation Width s are determined 
from Equations 5 and 6 beloW. 

s =— d- sin26 - COSOL 

2(n02sin26 + nezcosze) 

Where, as shoWn in FIG. 5, 0t is the angle of incidence to 
the xy plane. When a polariZation-independent optical iso 
lator is inserted in a space Where the optical coupling 
betWeen ?bers is formed by a pair of lenses, it is ?xed by 
shifting from the direction normal (Z axis) to the xy plane by 
about several degrees/minutes so that the re?ected light at 
the plane of the terminal Will not be incorporated into the 
?ber, and a cos 0t component is added. In this case, naturally, 
the phase delay relationship also changes as shoWn in 
Equation 7 beloW. 

nei 

d. [_ _ cosy 
5: 

0 

no :I (7) 
W 

In Equation 7, [3 is the refraction angle of the ordinary 
beam When the incident beam propagates to the birefringent 
crystalline plate, and y is similarly the angle formed by the 
extraordinary beam and Z axis. These parameters are derived 
by Equations 8 and 9 beloW, respectively. 

. i1 SlnOL 
[5 = sin — 

no 

In the above relationship, When the angle of incidence 0t 
and the separation Width s are determined, in order to 
compensate for a certain phase delay (hereinafter called 
polariZation mode dispersion, or PMD), in accordance With 
the present invention, the thickness of the birefringent 
crystalline plate is selected by appropriately changing the 
cut angle to the optical axis such that it has an equivalent 
separation Width s to cancel the PMD. Since PMD is alWays 
dependent on the angle of orientation of the optical axis 6 
and plate thickness, it can be adjusted depending on the 
parameters selected for birefringent crystalline plates during 
construction of the plates. 

For example, devices for separating a normal beam from 
an extraordinary beam With a birefringent plate generally 
require minimum plate thickness and maximum separation 
Width smwc. Therefore, in the case When a Wavelength such 
as, for example, >\,=1.55 pm is used in the ?eld of optical 
communications, and When the indices of refraction of the 
ordinary and extraordinary beams are denoted as n0=2.453 
and n€=2.709 respectively and 6 max=47.8°, it can be seen 
that smax=0.0999d, Which is about 10% of the thickness of 
the bire?ingent crystalline plates. Needless to say, When the 
incident beam is projected at an angle of 0t , the PMD can 
be estimated from the relationship shoWn in Equation 7. 

For example, When the present invention is applied to the 
polariZation independent optical isolator constructed as 
shoWn in FIG. 2, the ratio of plate thickness for birefringent 
crystalline plates P21, P22, and P23 in the diagram is 1:1: 
V2When birefringent crystalline plate P21 has a thickness of 
d. In addition, When the respective polariZation mode dis 
persions are denoted as PMD1, PMD2, and PMD3, the total 

(8) 

(9) 
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6 
PMD is, as is clear from FIG. 2, PMD=(PMD2+PMD3)— 
PMD1. In short, the component generated at PMD3 is a 
residual. Consequently, When the birefringent crystalline 
plate in Which the angle (6 k) formed by the optical axis of 
birefringent crystalline plate P21 and the normal line of the 
birefringent crystalline plates is set in a different orientation 
from that of birefringent crystalline plates P22 and P23, and 
such plate is denoted as P216, and When this P216 is 
positioned in place of P21, the condition for minimiZed total 
polariZation mode dispersion (PMD2+PMD3)=PMD1 is 
realiZed. 
The above-mentioned conditions can be satis?ed When 

the indices of refraction for extraordinary beams are denoted 
as nei for birefringent crystalline plates P22 and P23, net-i for 
birefringent crystalline plate P216, and When the plate thick 
ness in the normal direction is designated as di. At the same 
time, the beam transmitted through bire?ingent crystalline 
plate P216 must be expected to isolate ordinary and extraor 
dinary beams of the same orientation and siZe as those 
obtained at birefringent crystalline plate P21 during the 
process of propagation through plate thickness, di. 

Equations 10 and 11 shoWn beloW Were derived based on 
the condition that the separation Widths of birefringent 
crystalline plate P21 and birefringent crystalline plate P216 
coincide and that the combined PMD of birefringent crys 
talline plates P22 and P23 and PMD of birefringent crys 
talline plate P216 cancel each other, and di is a function of 
6 k. 6 k is derived from the condition that the tWo equations 
are equal, and as shoWn by the intersection of curves A and 
B in FIG. 6, the angle of the optical axis at the intersection 
of Equations 10 (curve A) and 11 (curve B) and the thickness 
of the bire?ringent crystalline plate, di, theoretically exist. 

2 -3 .5 <10) 
d _ O L 

nei no (11) 
01,- cos _ cos 

7 = (1 + \l 2) - Y B 

cosyi _ cos? 

Where: 

_ 2 - 2 2 2 K- no sin 6k + n‘E cos 6k 

L = nozsinze + nezcosze 

O = cosek - sinek 

P = cose - sine 

o 

When the above relationship is further generaliZed, three 
birefringent crystalline plates, Pi (i=l, m, n) are generally 
required in this invention, and the angle of the optical axis 
orientations are 6 ,- (i=l, m, n). At least one of 6 i must be an 
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angle different from the other 0 i. For example, When 0 i=0 
n, 0 "#0 [=0 m or 0 "#0 m, and 0 [#0 m are conceivable. In 
other Words, the ?rst essential element is that not all the 
angles of orientation are identical. 

MeanWhile, being an optical isolator, the beams separated 
into ordinary and extraordinary beams by the ?rst birefrin 
gent crystalline plate must be recoupled. The respective 
separation Widths si (i=l, m, n) result in the folloWing 
relationship: 

2 52 = (12) 51 = 2 53 

Here, i Was used for convenience, and intrinsically, the 
separation Widths in the three birefringent crystalline plates 
must have the proportional relationship of 1:1:“2. In addi 
tion to these tWo conditions, the thicknesses of the birefrin 
gent crystalline plates, dl, dm, and dn are determined such 
that PMD,+PMDm=PMDn. 
When the folloWing variables are de?ned as: 

no - ne 

\' nezcoszeii + nozsinzeii 

then the folloWing Equation 14 de?nes 0 ii 

e..=t,n,1(—v+— W) 214 

Therefore, one primary feature of the present invention is to 
determine 0 i and di Which are related from the relationship 
of polariZation dispersions to 0 ii as folloWs: 

SlnOLi 
n0 

(1 6) 

tan 0,]- ) ) - cosoti ] 

In implementing the substance of the present invention 
discussed in detail above, a plurality of diverse arrange 
ments are conceivable as combinations for the birefringent 
crystalline plates and for combining their normal directions 
and optical axis. HoWever, the folloWing fundamental prin 
cipals must be folloWed in fabricating a polariZation 
independent optical isolator according to the present inven 
tion: 

(1) the optical axis orientation of at least one birefringent 
crystalline plate must be different from the optical axis 
orientation of the remaining birefringent crystalline 
plates; 

(2) the polariZation mode dispersion (PMD), Which is 
induced When the beam propagates through the bire 
fringent crystalline plate having a different optical axis 
orientation involved in (1) above, must be equal to the 
dispersion rate of the polariZation mode dispersion 
attributable to the remaining birefringent crystalline 
plates and the dispersion directions must be in mutually 
inverse directions; and 

(3) the device must be provided With optical isolator 
functions to retain an optical non-reciprocal effect— 

(13) 
nei = 

(14) 

(15) di nei 
T I COS(eii — 6,) _ 

cos ( sin’1 

no 
PMDi = 

2 n 

01,- I: tan?i - cosoti + tan ( 0,- — tan’1 ( 02 

10 

15 

20 

25 

30 

35 

40 

45 

50 

55 

60 

65 

8 
With scarcely no forWard loss, and more than 30 dB 
reverse direction loss, Which are essential conditions 
and Which can be obtained from the above essential 

elements listed in (1) and The relationship of these parameters and their function in 

an optical isolator according to the present invention Will be 
further illustrated With reference to the folloWing non 
limiting examples. 

EXAMPLE 1 

FIG. 1 is a construction of one embodiment of the 
polariZation-free optical isolator according to the present 
invention. The basic con?guration employs rutile crystals as 
birefringent crystalline plates P11, P12, and P136. The cut 
angles (angle formed betWeen the normal and the optical 
axis directions of the plane of the plate) of the birefringent 
crystalline plates are 01=47.8° for P11 and P12 and 02=69.8° 
for P136 With respect to the optical axis of the rutile crystals. 
The rutile crystal is a positive single axis crystal, and the 
orientation of the crystal optical axis is positioned in the 
direction shoWn in FIG. 1. Respective dimensions are 3 
mm><3 mm With a thickness of 1.41 mm for P11, and the 
cross-sectional dimension for P12 is 3 mm><3 mm With a 
thickness of V2times that of P11, Which results in a thickness 
of 2 mm. The thickness of P136 Was 2.02 mm, a value 
estimated from Equations 10 and 11 discussed in detail 
above. 

For the Faraday rotators,F1 and F2, Bi-substituted rare 
earth iron garnets groWn on a GGG substrate using the LPE 
method Were used. The cross-sectional dimension Was 3 
mm><3 mm; the thickness approximately 350 pm; and the 
Wavelength approximately >\.=1550 nm. Since the polariZa 
tion dispersibility using a Faraday rotator is very Weak, only 
the contribution at the birefringent crystalline plates is 
estimated. The polariZation dispersion produced by the 
incident beam perpendicular to the birefringent crystalline 
plates P11 and P12 With a cut angle of 47.8° to the optical 
axis results in an index of refraction of the extraordinary 
beam, net, as n€,=2.584 and 6=1.565><10_12s, i.e. approxi 
mately 1.56 ps. Similarly, the optical axis orientation of P136 
is 69.8°, and net-i =2.674, 6=1.533><10_12s, i.e. approximately 
1.53 ps results. Thus, a polariZation dispersion of approxi 
mately A6=0.02 ps results. 
The actual measurement of polariZation dispersion using 

an interference light intensity alternating current synchro 
nous detection method Was 0.01 ps, Which Was approxi 
mately the value anticipated. Naturally, based on the equa 
tion for polariZation dispersion, if the thickness of the 
bire?ingent crystalline plates decreases, the suppression of 
polariZation dispersion Will be proportionally Weaker. 
HoWever, as an optical isolator, as the separation Width of 
the beam controlling the reverse direction insertion loss 
becomes smaller, the resulting deterioration in the extinction 
ratio becomes meaningless. At this time, the insertion loss of 
the optical isolator Was 0.6 dB, and the extinction ratio Was 
68.4 dB. Basically, the present invention is a tWo-step 
construction using tWo Faraday rotators, but the coupling 
ef?ciency of the beams are equal to that of a conventional 
construction. Moreover, the number of components is feWer 
than in the construction shoWn in FIG. 4, and since it can be 
con?gured so that the directions of magnetiZation are oppo 
site to each other, both temperature and Wavelength char 
acteristics can be achieved over broader Zones. 

EXAMPLE 2 

In order to compare the conventional con?guration of 
FIG. 2 and the con?guration of the present invention, tWo 
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linds of polariZation-independent optical isolators Were con 
structed. Rutile crystals Were used for the birefringent crys 
talline plates, and for Faraday rotators, as in Example 1, 
Bi-substituted rare earth iron garnet ?lm Was used. Of 
course, YIG (yttrium iron garnet) cut from bulk crystal could 
also be used. 

The difference betWeen the tWo con?gurations is the 
substitution of P21 in FIG. 2 With P216, according to the 
present invention. Table 1 shoWs a tabulated comparison of 
respective con?gurations and results of measured polariZa 
tion dispersion. This example also used a single birefringent 
plate in Which the optical axis orientation of the birefringent 
crystalline plate Was set at 698°. Compared With the con 
ventional method, the polariZation dispersion characteristics 
Were sharply suppressed. The exact forWard and reverse 
directions of the beams depend upon the speci?c assembly 
order and method and various different orders and methods 
Would be readily apparent to one of skill in the art from the 
above description. Several possible arrangements are shoWn 
for example in FIG. 7 (a) and 

TABLE 1 

Conventional Single step construction 
single step according to the 

Birefringent construction present invention 

plate number P21 P22 P23 P21e P22 P23 

Angle of 26° 0 0 26° 0 0 
incident 
beam 
Angle of 478° 478° 478° 698° 478° 478° 
optical axis 
orientation 
Thickness of 1.41 1.41 2.00 2.02 mm 1.41 mm 2.00 mm 

crystalline mm mm mm 

plate 
Polarization 0.9 ps 0.01 ps 
dispersion 
value 
Insertion loss 0.4 dB 0.5 dB 
Extinction 45.3 dB 43.8 dB 
characteristic 

EXAMPLE 3 

Table 2 shoWs a con?guration in Which the conditions for 
the birefringent crystalline plate Were recombined using as 
an example the single step construction polariZation 
independent optical isolator in Example 2 together With the 
calculated plate parameters. Example 31 illustrates an iso 
lator in Which the optical axes of the tWo birefringent 
crystalline plates are set at 45°, and the birefringent crys 
talline plate for PMD compensation, at 678°. Example 32 is 
a combination in Which all optical axis orientations of the 
bire?ingent crystalline plates are different. In every case, in 
accordance With the present invention, the desired perfor 
mance Was obtained With respect to the optical isolator 
characteristics. Consequently, the bire?ingent crystalline 
plate combination used depends on other design factors, for 
example, Whether the priority is to shorten the beam propa 
gation distance and increase optical coupling betWeen ?bers, 
or Whether the priority is to enlarge the separation Widths of 
ordinary and extraordinary beams in order to raise extinction 
characteristics, or minimiZe the volume of the birefringent 
crystalline plates used because of price restrictions, etc., and 
any number of unconstrained con?guration can be freely 
designed in accordance With the present invention. 
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TABLE 2 

Birefringent F amnle 31 F amnle 32 

plate number P21 P22 P23e' P21e' P22 P23e" 

Angle of 0 0 20° 
incident 
beam 
Angle of 
optical axis 
orientation 
Thickness of 
crystalline 
plate 
Polarization 
dispersion 
value 
Insertion loss 
Extinction 
characteristic 

2.60 0 0 

2.00 
mm 

1.41 
mm 

1.88 
mm 

2.44 
mm 

1.41 
mm 

1.65 
mm 

0.01 ps 0.01 ps 

0.6 dB 
42.9 dB 

0.2 dB 
45.5 dB 

We claim: 
1. A polarization-independent optical isolator Which con 

sists of one Faraday rotator and three birefringent crystalline 
plates, at least one of said three birefringent crystalline 
plates having an orientation of a crystal optical axis different 
from an orientation of a crystal optical axis of the other 
birefringent crystalline plates, said orientation of said crystal 
optical axis of said at least one of said birefringent crystal 
line plates arranged to cancel a polariZation phase delay 
arising from different propagation rates betWeen ordinary 
and extraordinary rays and induced by the propagation of the 
beams through said other birefringent crystalline plates, 
Wherein said polarization phase delay is suppressed to less 
than 0.05 picoseconds. 

2. The polarization-independent optical isolator of claim 
I Wherein said other birefringent crystalline plates comprise: 

a ?rst and second birefringent crystalline plate, said ?rst 
and second birefringent crystalline plates having the 
same orientation of the crystal optical axis of said ?rst 
and second birefringent crystalline plates to a direction 
normal to the plane of the plates, said orientation of the 
crystal optical axis of said ?rst and second birefringent 
crystalline plates set to the direction having the maxi 
mum split Width betWeen ordinary and extraordinary 
rays, and said ?rst and second birefringent crystalline 
plates each having a thickness in said direction normal 
to the plane of said plates, Wherein said thickness of 
said ?rst plate and said thickness of said second plate 
are related by a “2:1 ratio. 

3. A polarization-independent optical isolator Which con 
sists of a Faraday rotator With three birefringent crystalline 
plates having thickness ratios of V2ztz1 or V211 and said 
Faraday rotator located betWeen the ?rst and the second said 
birefringent plates, Wherein the said birefringent plate thick 
ness indicated by t having an orientation of a crystal optical 
axis different from an orientation of a crystal optical axis of 
the other birefringent crystalline plates, said thickness of the 
said birefringent plate thickness indicated by t having fol 
loWing relation, 

in Which no and n?- are refractive indexes of ordinary and 
extraordinary beams and [3 and y are refractive angle both 
ordinary and extraordinary beams on said the other birefrin 
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gent crystalline plates, not-i and y i are the refractive index 
and refractive angle of the extra-ordinary beam on said 
birefringent plate thickness indicated by t, arranged to cancel 
a polarization phase delay induced by said the other bire 
fringent crystalline plates. 

4. The polariZation independent optical isolator of claim 
3 Wherein said polariZation phase delay is less than 0.05 
picoseconds. 

5. The polariZation independent optical isolator of claim 
4, Wherein said polariZation phase delay arising from dif 
ferent propagation rates betWeen ordinary and extraordinary 
rays and induced by the propagation of the beams through 
said other birefringent crystalline plates are suppressed to 
less than 0.05 picoseconds. 

6. A polarization-independent optical isolator Which con 
sists of a ?rst birefringent plate, a ?rst Faraday rotator and 
a second birefringent plate, a second Faraday rotator and a 
third birefringent plate Wherein said ?rst, second and third 
birefringent plates have a thickness ratio of t:\/§:1 Wherein 
said ?rst birefringent plate has an orientation of a crystal 
optical axis different from said other tWo birefringent plates, 
said thickness of said birefringent plate thickness indicated 
by t having folloWing relation, 

in Which no and noi are refractive indexes of ordinary and 
extraordinary beams and [3 and y are refractive angle both 
ordinary and extraordinary beams on said the other birefrin 
gent crystalline plates, not-i and y i are the refractive index 
and refractive angle of the extra-ordinary beam on said 
birefringent plate thickness indicated by t, arranged to cancel 
a polariZation phase delay induced by said other birefringent 
crystalline plates. 

7. The polariZation independent optical isolator of claim 
6 Wherein said polariZation phase delay arising from differ 
ent propagation rates betWeen ordinary and extraordinary 
rays and induced by the propagation of the beams through 
said other birefringent crystalline plates are suppressed to 
less than 0.05 picoseconds. 

8. ApolariZation-independent optical isolator consists of 
at least one Faraday rotator With three birefringent crystal 
line plates, at least one of said three birefringent crystalline 
plates having an orientation of a crystal optical axis different 
from an orientation of a crystal optical axis of the other 
birefringent crystalline plates, said orientation of said crystal 
optical axis and a thickness of said at least one birefringent 
crystalline plate arranged to cancel a polariZation phase 
delay induced by the propagation of a beam through said 
other birefringent crystalline plates. 

9. The polariZation independent optical isolator of claim 
8 Wherein said polariZation phase delay is less than 0.05 
picoseconds. 

10. The polariZation independent optical isolator of claim 
9, Wherein said polariZation phase delay arising from dif 
ferent propagation rates betWeen ordinary and extraordinary 
rays and induced by the propagation of the beams through 
said other birefringent crystalline plates are suppressed to 
less than 0.05 picoseconds. 

11. A polariZation independent optical isolator Which 
consists of a Faraday rotator With three birefringent crystal 
line plates having thickness ratios of t:1:\/§or 1:t:\/§and said 
Faraday rotator located betWeen the second and the third 
said birefringent plates, Wherein the said birefringent plate 
thickness indicated by t having an orientation of a crystal 
optical axis different from an orientation of a crystal optical 
axis of the other birefringent crystalline plates, said thick 
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12 
ness of the said birefringent plate thickness indicated by t 
having folloWing relation, 

cosy cos[3 
t= (1 + \l 2) nm no 

cosyi _ cos[3 

in Which no and noi are refractive indexes of ordinary and 
extraordinary beams and [3 and y are refractive angle both 
ordinary and extraordinary beams on said the other birefrin 
gent crystalline plates, not-i and y i are the refractive index 
and refractive angle of the extra-ordinary beam on said 
birefringent plate thickness indicated by t, arranged to cancel 
a polariZation phase delay induced by said the other bire 
fringent crystalline plates. 

12. A polarization-independent optical isolator Which 
consists of a ?rst birefringent plate, a ?rst Faraday rotator 
and a second birefringent plate, a second Faraday rotator and 
a third birefringent plate Wherein said ?rst, second and third 
birefringent plates have a thickness ratio of @111 Wherein 
said ?rst birefringent plate has an orientation of a crystal 
optical axis different from said other tWo birefringent plates, 
said thickness of said birefringent plate thickness indicated 
by t having folloWing relation, 

cosy cos[3 
t= (1 + \l 2) nm no 

cosyi _ cos[3 

in Which no and noi are refractive indexes of ordinary and 
extraordinary beams and [3 and y are refractive angle both 
ordinary and extraordinary beams on said the other birefrin 
gent crystalline plates, not-i and y i are the refractive index 
and refractive angle of the extra-ordinary beam on said 
birefringent plate thickness indicated by t, arranged to cancel 
a polariZation phase delay induced by said the other bire 
fringent crystalline plates. 

13. A polarization-independent optical isolator Which 
consists of tWo Faraday rotators and three birefringent 
crystalline plates, at least one of said three birefringent 
crystalline plates having an orientation of a crystal optical 
axis different from an orientation of a crystal optical axis of 
the other birefringent crystalline plates, said orientation of 
said crystal optical axis of said at least one of said birefrin 
gent crystalline plates arranged to cancel a polariZation 
phase delay arising from different propagation rates betWeen 
ordinary and extraordinary rays and induced by the propa 
gation of a beam through said other birefringent crystalline 
plates, Wherein said polariZation phase delay is suppressed 
to less than 0.05 picoseconds. 

14. The polarization-independent optical isolator of claim 
13 Wherein said other birefringent crystalline plates corn 
prise: 

a ?rst and second birefringent crystalline plate, said ?rst 
and second birefringent crystalline plates having the 
same orientation of the crystal optical axis of said ?rst 
and second birefringent crystalline plates to a direction 
normal to the plane of the plates, said orientation of the 
crystal optical axis of said ?rst and second birefringent 
crystalline plates set to the direction having the maxi 
mum split Width betWeen ordinary and extraordinary 
rays, and said ?rst and second birefringent crystalline 
plates each having a thickness in said direction normal 
to the plane of said plates, Wherein said thickness of 
said ?rst plate and said thickness of said second plate 
are related by a “2:1 ratio. 

* * * * * 


